A white light polymer light-emitting diode was demonstrated with a double layer configuration: poly͓N , NЈ-bis͑4-butylphenyl͒-N , NЈ-bis͑phenyl͒benzidine͔ ͑poly-TPD͒ blended with poly ͑N-vinylcarbazole͒ as both hole-transporting layer and electron-blocking layer, blue-emissive poly͑9,9-dihexylfluorene-alt-co-2,5-dioctyloxy-para-phenylene͒ ͑PDHFDOOP͒ blended with green-emissive poly͓6,6Ј-bi-͑9,9Ј-dihexylfluorene͒-co-͑9,9Ј-dihexylfluorene-3-thiophene-5Ј-yl͔͒ as an emissive layer. By annealing the emissive layer at a relatively high temperature, fluorenone defects were generated into PDHFDOOP, which formed an exciplex with poly-TPD, as a red emitter. The devices exhibit a maximum brightness of ϳ4800 cd/ m 2 and a maximum luminous efficiency of ϳ3 cd/ A. Moreover, the Commission Internationale de L'Eclairage coordinates of the emitted light is close to that of pure white light and is insensitive to the applied voltages.
White light organic and polymer light-emitting diodes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] ͑WOLEDs and WPLEDs͒ are under active development for their potential applications as backlights for liquid crystal displays, full color displays, and solid-state lighting. WPLEDs fabricated by solution processing have the advantage of low-cost manufacturing and homogeneity in a large area. Several approaches including by using polymer blends, [2] [3] [4] polymer doped with dyes, [5] [6] [7] [8] [9] [10] bilayer exciplex, 11, 12 and single polymer with different functional groups 13 have been reported for achieving efficient WPLEDs.
Polyfluorenes ͑PFs͒ have been demonstrated to be good candidates for realizing WPLEDs. [7] [8] [9] [10] In such WPLEDs, PFs are a blue emitter and also function as the host due to its large band gap. Red light and green light are introduced through energy transfer process and/or charge trapping process from host PFs to guest molecules. However, the problem PFs have is its poor color stability. Its emission color changed from desired blue to bluish green, even to yellow. [14] [15] [16] Recently, Gong et al. 15 reported that the poor color stability in PFs was originated from the fluorenone defects which was generated by photo-oxidation, thermal oxidation, and metal catalysts during the device operation. Fluorenone defects are undesired component for pure blue light from PFs, however, it is a useful component for full color from PFs by properly utilizing it.
In this letter, a WPLED was demonstrated by utilization of blue and green emitters from different PFs and a red emitter from an exciplex formed between hole-transporting layer and the fluorenone defects generated in PFs. The WPLEDs have a maximum brightness of ϳ4800 cd/ m 2 at 20 V and a maximum luminous efficiency of ϳ3 cd/ A at 10 mA/ cm 2 . Moreover, the Commission Internationale de L'Eclairage ͑CIE͒ coordinates of the white light are insensitive to bias voltages.
The molecular structures of the polymers in our study were shown in Fig. 1 . Poly͑9,9-dihexylfluorene-altco-2,5-dioctyloxy-para-phenylene͒ ͑PDHFDOOP͒ and poly ͓6,6Ј-bi-͑9,9Ј-dihexylfluorene͒-co-͑9Ј-dihexylfluorene-3-thiophene-5Ј-yl͔͒ ͑PFT͒ were used as emissive layer ͑EML͒. They were synthesized via a Suzuki coupling reaction 17 and used with further purification. Cyclic voltammetry was carried out to estimate the highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ energy levels 18 of the polymers. The HOMO and LUMO of PDHFDOOP were −5.7 and −2.1 eV, respectively; the HOMO and LUMO of PFT were −5.4 and −2.7 eV, respectively. Poly͓N , NЈ-bis͑4-butylphenyl͒-N , NЈ-bis͑phenyl͒benzidine͔ ͑poly-TPD͒ and poly ͑N-vinylcarbazole͒ ͑PVK͒ were used as hole-transporting layer ͑HTL͒. Poly-TPD was purchased from American Dye Source, Inc., and PVK was purchased from Aldrich Chem. Co. WPLEDs were fabricated with a double-layer configuration of indium tin oxide ͑ITO͒/poly͑ethylenedioxythiophene PEDOT͒ ͑25 nm͒ / HTL ͑70 nm͒ / EML ͑60 nm͒ /Ca ͑10 nm͒ /Al ͑150 nm͒. The HTL, poly-TPD with PVK ͑weight ratio=1:1͒, was prepared by spin-coating from chlorobenzene solution on top of PEDOT polystyrene sulphonate, followed with an annealing treatment at 110°C for ca. 30 min. The EML, PDHFDOOP with PFT ͑weight ratio =1:1%͒, was prepared by spin coating from toluene solution on top of HTL, followed with an annealing treatment at 120°C for ca. 1 h. The cathode Ca overcoated with Al was thermal vacuum deposited through a shade mask at a pressure of Ͻ1 ϫ 10 −6 Torr. The current density-voltage and brightness-voltage characteristics of the double-layer devices are shown in Fig. 2 . The inset of Fig. 2 shows a characteristic of the luminous efficiency versus current density. The devices were turned on at ϳ5 V. The devices exhibited a maximum of brightness of 4800 cd/ m 2 at 20 V, with a maximum of luminous efficiency of ϳ3 cd/ A at 10 mA/ cm 2 . The electroluminescence ͑EL͒ spectrum observed from the double-layer devices is shown in Fig. 3 . The inset of Fig. 3 is the CIE coordinates of white light from the devices biased at different voltages. The CIE coordinates of white light are ͑0.31, 0.32͒, ͑0.29, 0.31͒, and ͑0.27, 0.30͒ at 9.5, 14, and 17 V, respectively. Biased at these voltages, the brightness are 100, 1000, and 3000 cd/ m 2 , respectively. The small change of CIE coordinates at the brightness from 100 to 3000 cd/ m 2 demonstrated that the white light is less sensitive to the applied voltages.
There are three different features in the white light obtained from the double-layer devices. Blue emission was from PDHFDOOP. Green emission was from PFT which was due to the intramolecular energy transfer from difluorene units to fluorene-thiophene units. Both blue and green emissions were clearly interpreted from the EL spectra of the PLEDs made with pure PDHFDOOP and pure PFT ͑shown in Fig. 3͒ . In order to investigate the low-energy ͑1.85-2.15 eV͒ red emission from the double-layer devices, PLEDs fabricated with the same configuration and different materials were characterized. No red emission was observed from the PLEDs made with poly-TPD, PVK, poly-TPD blended with PVK, and PDHFDOOP blended with PFT. These indicate that red emission from the double-layer PLEDs was not from either pure HTL or pure EML, and imply that it was probably from the interface between HTL and EML. Figure 4͑a͒ shows the EL spectra of the doublelayer PLEDs with different HTLs or EMLs. Only blue emission was observed from the device ͑device I͒ with PDHF-DOOP as EML and PVK as HTL. This illustrates that the red emission was not related to PVK. Replacing PVK by poly-TPD or a blend of poly-TPD with PVK ͑Devices II and III͒, the red emission then appeared in the EL spectra besides the blue emission from PDHFDOOP. These results indicate that the red emission is probably from an exciplex associating with poly-TPD and PDHFDOOP.
From energy levels of poly-TPD and PDHFDOOP shown in Fig. 5 , it is hard to believe that the red emission is from the interface between poly-TPD and PDHFDOOP because there is large energy gap between LUMO of poly-TPD and HOMO of PDHFDOOP. To further investigate what kind of exciplex is formed, the device was fabricated by using poly-TPD as HTL, fluorenone molecule blended with poly͑methyl methacrylate͒ ͑PMMA͒ as EML ͑device IV͒. In device IV, blue emission is from poly-TPD. Green emission peaked at ϳ510 nm from fluorenone molecule itself was not observed. A red emission, which is in agreement very well 
with those observed from devices II and III, was observed. The energy gap between the HOMO of poly-TPD ͑−5.1 eV͒ and the LUMO of fluorenone ͑−3.1 eV͒ is ϳ2.0 eV, which is perfectly matched the red emission band. Therefore, the red emission from device IV is attributed to an exciplex formed between poly-TPD and fluorenone molecules. Analogically, we concluded that the red emission feature observed from the double-layer WPLEDs was from the exciplex formed between poly-TPD and fluorenone defects generated in PDHFDOOP. Fluorenone defects in PFs can be generated by different ways. 15 In our devices, the fluorenone defects were induced by thermal annealing of EMLs during the device preparation. Figure 4͑b͒ shows the EL spectra from device II with the EMLs annealed at different temperatures. At an annealing temperature less than 70°C, there is no exciplex emission appeared in the EL spectra. When annealing temperature was 100°C, an exciplex emission appeared. The intensity of the exciplex emission was increased with increasing annealing temperature. These results suggest that a relatively high annealing temperature is essential to the formation of the fluorenone defects, and thus, is an important factor for the demonstration of white light from the double-layer devices.
The mechanism for generation of white light from the double-layer device structure in our study is proposed as follows. By controlling the annealing temperature of the EML, fluorenone defects are generated in PDHFDOOP. The injected/transported holes ͑from poly-TPD͒ and injected electrons ͑from Ca/ Al͒ can recombine on the main chain of PDHFDOOP to produce blue light and/or on the main chain of PFT to produce green light. Or they can partially be trapped by PFT with a green emission. In parallel, the injected/transported holes were in the HOMO of poly-TPD and injected electrons were trapped in the LUMO of fluorenone defects, followed by radiative recombination to produce a red light. In the double-layer WPLEDs, PVK is functionalized as electron-blocking layer ͑EBL͒͑Ref. 19͒ rather than HTL because its LUMO ͑−1.9 eV͒ is 0.2 eV higher than that of PDHFDOOP and its HOMO ͑−5.4 eV͒ is 0.3 eV lower than that of poly-TPD. High performance of the WPLEDs partially resulted from poly-TPD as HTL and PVK as EBL.
In summary, a method was developed for achieving white light from PLEDs by using PFs as both blue and green emitters and the exciplex formed between fluorenone defectes generated in PFs and HTL as a red emitter. The generation of the fluorenone defects was induced by annealing EML at a relatively high temperature. The white light WPLEDs have a maximum brightness of ϳ4800 cd/ m 2 at 20 V and a maximum luminous efficiency of 3 cd/ A at 10 mA/ cm 2 . Moreover, the CIE coordinates of the white light are insensitive to biased voltages.
